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Summary
Background: Maintenance of differentiation programs re-
quires stability, when appropriate, of transcriptional states.
However, the extent to which inheritance of active transcrip-
tional states occurs from mother to daughter cells has not
been directly addressed in unperturbed cell populations.
Results: By live imaging of single-gene transcriptional events
in individual cells, we have directly recorded the potential for
mitotic inheritance of transcriptional states down cell lineages.
Our data showed strong similarity in frequency of transcrip-
tional firing between mother and daughter cells. This memory
persisted for complete cell cycles. Both transcriptional pulse
length and pulsing rate contributed to overall inheritance,
and memory was determined by lineage, not cell environment.
Analysis of transcription in chromatin mutants demonstrated
that the histone H3K4 methylase Set1 and Ash2, a component
of the methylase complex, are required for memory. The
effects of Set1 methylation may be mediated directly by chro-
matin, because loss of memory also occurred when endoge-
nous H3K4 was replaced by alanine. Although methylated
H3K4 is usually associated with active transcriptional units,
the modification was not required for gene activity but stabi-
lized transcriptional frequency between generations.
Conclusions: Our data indicate that methylated H3K4 can
act as a chromatin mark reflecting the original meaning of
‘‘epigenetic.’’
Introduction
Maintenance of differentiation programs in cell lineages
requires appropriate stability of transcriptional states. There
are well-studied examples of stability of repressive transcrip-
tional states, including imprinting and dosage compensation
in mammals and position effect variegation in Drosophila.
However, the problem of maintenance of active transcriptional
states has received little attention, and available studies
already indicate considerable complexity.
How could cells transmit information from their history to
their descendents? Equal segregation of contents at mitosis
should allow at least transient stability of transcriptional state
before dilution and turnover. Chromatin is also implicated in
maintenance of transcriptional states [1, 2]. However, there
is sparse evidence for contributions to transcriptional stability
by active chromatin states, and it is not clear how such states*Correspondence: j.chubb@dundee.ac.ukcould be propagated. Another stabilizer of transcription is cell
environment, which could provide stability even as cells dilute
their contents.
In the Drosophila embryo, the induction of homeotic genes
by segmentation gene products is maintained by opposing
Polycomb (PcG) and Trithorax (TrxG) complexes long after
initial activators have disappeared [3]. Together, these com-
plexes account directly for several different chromatin-
modifying activities and recruit others. In yeast, GAL genes
display sensitized activation by galactose if cells receive prior
exposure to the sugar. There have been reports describing
differing requirements for this sensitization for chromatin
[4, 5], cytoplasmic factors [6], and feedback loops in the GAL
gene network [7].
Dissecting out the contributions of these and potentially
other sources of stability requires reduction of the problem
to its core question: What is the normal transcriptional rela-
tionship between mother and daughter cells? However, the
extent to which inheritance of active transcriptional states
occurs down cell lineages has not been directly addressed.
Previous approaches have monitored fluctuations in fluores-
cent protein levels in single cells [8, 9]. However, fluorescent
protein fluctuations are the endpoint of the many steps of
gene expression, from transcription through to protein folding
and stability, and so it is difficult to interpret these data directly
to the transcriptional states of mother and daughter cells [10].
It is therefore necessary to study the process of transcription
itself, as cells divide and grow.
To study transcription in single cells, we have utilized a live-
cell RNA detection system [11] for monitoring transcriptional
firing events of single genes as they occur, to relate transcrip-
tion to cell division, at the single-cell level. The ability to view
transcription relative to cell division has allowed us to measure
the relatedness of transcriptional states along cell lineages
and the temporal dynamics of these relationships, and we
have defined a conserved chromatin modification activity
required for inheritance of transcriptional states.
Results
Imaging Transcriptional Firing in Complete Cell Cycles
Investigating the potential for inheritance of transcriptional
states between cell generations requires monitoring transcrip-
tion in individual living cells, to allow detection of transcription
in parallel with tracking of cell divisions. We have previously
described the use of an RNA detection system to monitor tran-
scriptional firing of a single gene over 30 min periods during
differentiation [12]. An array of 24 MS2 repeats was inserted
into the gene of interest in Dictyostelium cells (Figure 1A).
MS2 stem loops are incorporated into newly transcribed
RNA and are rapidly bound by a fusion of GFP to the MS2
coat protein, which has a high-affinity interaction with MS2
stem loops [11]. This creates a localized accumulation of
GFP at the site of transcription, visualized as a fluorescent
spot above the background MS2-GFP (Figure 1B). In Dictyos-
telium, the cell cycle slows markedly during differentiation
[13, 14], so we chose to study expression of a gene expressed
in undifferentiated cells, which have mean cell-cycle times of
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Figure 1. Visualization of Transcription Pulses in
Complete Cell Cycles
(A) Visualization of actin transcription in individual
living cells. Left: schematic for RNA detection
system. Right: 24 MS2 repeats and a selection
cassette (bsr) were targeted into the act5 gene
locus. See also Figure S1.
(B) Visualization of act5 transcription in dividing
cells.The mother cell divided at 5 min. Arrows indi-
cate appearance of a transcription site. Images
were captured every 2.5 min; times are shown in
hr:min. Images are maximum-intensity projec-
tions of 3D stacks. See Movie S1 for a complete
cell cycle, also a maximum-intensity projection.
(C) act5 transcription in individual cells through
complete cell cycles. Individual cell records are
shown along the horizontal axis; time after cell
division is shown on the vertical axis. Data were
collected every 2.5 min. Each transcriptional
event is marked as a blue dot. White indicates
absence of detectable transcriptional events.
Red dots mark the end of the cell cycle.
(D) Frequency changes after cell division. Tran-
scription frequencies from all tracked cells were
calculated every hour. Daughter cells tracked
through complete cell cycles were followed after
the second mitosis for 2 hr where possible. Error
bars represent standard deviation (SD), to show
the extent of cell-cell variability. The difference
in frequency between cells early in the cell cycle
(0–1 hr) and later (3–4 hr) is significant (paired
t test, p < 0.0001, 119 df).
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3988–12 hr. The gene, act5, is strongly expressed, allowing detec-
tion of transcription under conditions of low illumination, and
the gene is from a subfamily of 17 genes encoding identical
actin proteins [15], mitigating phenotypic effects resulting
from MS2 repeat insertion into the act5 coding sequence.
Transcriptional firing of the act5 gene in living dividing cells
is shown in Figure 1B, a series of stills from a 3D movie of
act5MS2 cells in asynchronous culture. The central mother
cell divided after 5 min, with the first transcriptional event
detected in the top daughter at 25 min (arrow). A second tran-
scriptional event initiated in this daughter at 50 min, and the
transcription spot subsequently intensified (1:00). This cell
displayed two further transcriptional pulses (starting at 1:20and 2:00). The lower daughter showed
a delayed transcriptional response after
mitosis, with a first pulse initiating at
1:00 and persisting for 20 min, before
the nascent RNA was no longer detect-
able. A complete cell cycle of act5 tran-
scription, from mother through to four
granddaughter cells, is shown in Movie
S1 available online. The movie reflects
single 3D stacks captured every 2.5
min from before the first division until
after second divisions (cycle time 8 hr).
3D stacks are merged into a single 2D
image(maximumprojection).Themother
cell (bottom center) began with a nascent
RNA spot, which brightened briefly and
then disappeared. After mother cell divi-
sion, the upper daughter cell immedi-
ately displayed a strong transcriptionalpulse, followed by a second. The lower daughter had a delayed
first pulse but pulsed more frequently further into the cycle.
Toward the end of the cycles, pulse frequencies subsided. At
the end of the movie, the bottom daughter divided first, with
transcription spots soon detected in both granddaughters
from the lower cell. There was no evidence of transcriptional
synchrony between daughters.
We collected data from mothers and both daughters from 61
complete cell cycles (122 daughters). The complete act5
pulsing data for all cycles are displayed in Figure 1C. Cell
records are on the horizontal axis; time after first mitosis is
on the vertical axis. The second mitosis is marked at the
bottom of each record as a red bar. Cell-cycle durations
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Figure 2. Inheritance of Active Transcriptional
States
(A) Related cell pairs have more similar transcrip-
tional frequencies than randomized pairs. Differ-
ences in frequency between daughter pairs or
mother/daughter pairs were compared with
differences in frequency between random
daughter or mother/daughter pairs, respectively.
Transcription frequencies of daughter cells were
calculated from complete cell cycles, and fre-
quencies of mother cells were calculated from
available data at the end of cycles. The following
abbreviations are used: Obs, mean observed
difference; Rand, difference from random com-
parison. Random values were created by boot-
strapping (see Experimental Procedures); error
bars for random data represent SD of bootstrap
distribution. Error bars for observed values repre-
sent standard error of the mean (SEM).
(B) Maintenance of transcriptional frequency for
complete cell cycles. Frequencies from the first
2 hr after each cell division were used to compare
daughter and granddaughter (GD) pairs with
random daughter/granddaughter pairs. Error
bars for observed values represent SEM. The
differences between daughters observed here
was less than the difference observed in (A).
This reflects the shorter block of data analyzed
(2 hr, instead of whole cycles), which retains
sampling errors that would be smoothed out
over longer analysis windows. The same expla-
nation accounts for the apparent smaller simi-
larity between mothers and daughters than
between daughter/daughter pairs.
(C) Effect of cell-cycle length on similarity of tran-
scriptional frequency between daughter cells.
Cells were divided into three groups correspond-
ing to short (<7 hr; n = 34 cells), medium (7–9 hr;
n = 30), and long (>9 hr; n = 40) cell cycles.
Observed and random frequency differences
were extracted within groups. Error bars for
observed values represent SEM; error bars for
random values represent bootstrap SD.
(D) Lineage influences transcriptional frequency over local environmental effects. Differences between daughter pairs (n = 14) and summed differences
between unrelated daughters taken only from the same imaging fields (n = 28) were compared (unpaired t test, p = 0.0013, 40 df). Error bars represent SEM.
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399displayed a sigmoidal distribution (mean 8 hr 18 min), also
typical for mammalian cells [16], indicating that we were look-
ing at healthy cell cycles. Transcriptional events are marked
in blue. Periods with no detectable transcriptional events are
white. The frequency of transcriptional firing, defined as the
minutes per hour where a transcriptional event was detectable,
was highly variable between cells. The average frequency over
complete cell cycles for act5 transcriptional firing was 5.5
minutes per hour, but cells showed long pulses (27.5 min)
and short pulses (2.5 min). Although there was tremendous
variability between cells in their pulsing behavior, higher
frequencies were consistently detected during the first 1–2 hr
of cell cycles (Figure 1D; paired t test p < 0.0001, 1 hr versus
4 hr), corresponding to S phase and early G2 in Dictyostelium,
which lacks G1 [14, 17]. Higher frequencies were reestablished
after each mitosis, indicating that the elevated transcriptional
activity was a cell-cycle-related effect and not simply a conse-
quence of cell density, phototoxicity, or bleaching.
Inheritance of Transcriptional States
To measure the potential for inheritance of transcriptional
states through mitosis, we tracked individual cells, their divi-
sions, and progeny for complete cell cycles. The meanfrequency of transcriptional firing over cell cycles was
compared between related cells. Differences in frequencies
between daughter cells were compared to the differences (ob-
tained by bootstrapping) between randomly selected daugh-
ters (Figure 2A; n = 122 daughters). The difference between
randomized daughters was 3 minutes per hour. The mean
difference in transcriptional frequency between related daugh-
ters was 1 minute per hour. The probability that these values
were sampled from the same population was near zero. Simi-
larity of transcriptional frequencies of daughters indicated
inheritance of the transcriptional state.
Inheritance of transcriptional state from mother to daughter
was then directly demonstrated (Figure 2A). Related mother
and daughter cells had significantly less difference in
frequency than random mother/daughter pairs (p = 0.00001).
To address whether inherited transcriptional states persist
for complete generations, we measured transcriptional
frequencies of the first 2 hr of granddaughter cycles. Two
granddaughters from the same daughter had more similar
transcriptional frequencies than random granddaughters (Fig-
ure 2B). When granddaughter transcription frequency was
compared with the frequency from the first 2 hr of the parent
cell cycle, this was significantly different from random
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Figure 3. Inheritance of Active Transcriptional States
Requires Set1 Methylase
(A) Observed differences in frequency between daughter
pairs were compared with randomized differences between
unrelated daughters for cells mutated for dnmA, set2, and
two independent set1 mutant clones. Transcription frequen-
cies of daughter cells were calculated from complete cell
cycles, and observed and randomized values were normal-
ized by average frequency of individual cell lines. Error
bars for observed values represent SEM; error bars for
random values represent bootstrap SD. See also Figure S2
and Movie S2.
(B) Bulk levels of MS2 RNA expression in wild-type and set1
mutant act5MS2 cell lines assessed by northern blotting.
Lower panel shows ethidium staining of the RNA gel used
for blotting.
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400daughter/granddaughter values (Figure 2B), but the difference
was small, so although stability of transcriptional state
was detected after a complete generation, the effect had
diminished.
The inherited effect was not caused by differences in the
variability of cell-cycle time between related and randomized
cell pairs. When differences in transcriptional frequency
between daughters were taken from three similar-sized blocks,
corresponding to the shortest, middle, and longest cell cycles,
all were less than randomized differences between daughters
within the same block (Figure 2C).
Our single-cell approach allowed comparison of the role of
cell lineage and cell environment in the regulation of transcrip-
tional behavior, without the potential disruption of standard
cell transplantation experiments. We found that transcriptional
frequency was influenced more by lineage than local environ-
ment for the act5 gene. We compared daughter/daughter
differences with random comparisons restricted to the same
imaging field (Figure 2D). There was no diminution of the differ-
ence between randomized and observed data when this
restriction was applied (unpaired t test, p = 0.0013, 40 df), indi-
cating that local environment did not change transcriptional
frequencies from parental starting levels.
The frequency of transcriptional firing (on-time per hour)
comprises two components, pulse length and frequency of
pulsing (pulses per unit of time). To address the extent to
which similar pulse length determines memory, we repeated
the bootstrapping procedure with mean pulse length as
the parameter (Figure S2A). The difference in pulse length
between sisters was less than the difference between random
sisters (p = 0.0012), indicating that sisters have more similar
pulse lengths. However, this difference was not sufficient to
account for the greater difference in transcriptional frequency
between sisters, indicating that both pulse frequencies and
lengths contribute to overall memory of transcriptional state.
Chromatin and Transcriptional Inheritance
Chromatin states have been implicated in the transmission of
active transcriptional states through mitosis [2], although
direct evidence is sparse [18]. Some modifications, such as
DNA methylation and methylation of lysine 9 and 27 residues
on histone H3, are thought to provide a mark of silent chro-
matin, permitting silent transcriptional states to propagate
in dividing cells [19]. Maintenance of active transcriptional
states in dividing cell populations is poorly understood. Depo-
sition of trimethylated H3K4 (H3K4Me3) by the Set1 meth-
ylase and related enzymes can be triggered at the 50 end of
genes in response to transcriptional activation [20–22]. Thismodification can persist for several hours after the onset of
transcription, suggesting memory of the initial transcriptional
event [21]. H3K4Me3 can recruit components of the core tran-
scription factor TFIID [23] possibly allowing sustained activa-
tion, and H3K4Me recruits other chromatin-remodeling and
histone-modifying activities [24–27], which may contribute to
stability or plasticity of chromatin state. A second cotranscrip-
tional H3 mark is methylation of the K36 residue by Set2 and
related methyltransferases [28–30]. K36 trimethylation occurs
in the body of the gene and is associated with the elongating
form of RNA polymerase II.
To address the roles of chromatin states in inheritance of
active transcriptional states, we mutated genes for chro-
matin-modifying enzymes and then imaged act5 transcription
in mutant cells over complete cell cycles. Maintenance of tran-
scriptional frequency between generations was lost in cells
lacking the Set1 H3K4 methylase (Figure 3A). The difference
in frequency between sister cells was similar to the difference
in frequency between random sisters (n = 92 daughters). This
loss of transcriptional memory was observed in an indepen-
dently derived set1 mutant clone (n = 128 daughters).
A complete cell cycle of two set1 mutant sister cells can be
observed in Movie S2. The mother cell divided at the top left
of the field at the beginning of the movie. The difference in
frequency between daughters is strongly apparent in the
middle of the movie, when the upper daughter (cycle time
8 hr) underwent a sustained series of strong transcriptional
pulses. The lower daughter cell barely pulsed during its entire
cell cycle (11 hr). Of all set1 daughter pairs studied, 35% (39 of
110) displayed 2-fold or greater variation in transcriptional
frequency between sisters. In contrast, only 5% of wild-type
sisters (3 of 61) displayed greater than 1.5-fold difference in
act5 pulse frequency, with 100% of pairs less than 2-fold
different. Maintenance of frequency was also lost between
mothers and daughters in set1 mutants (Figure S2B). Inheri-
tance of act5 pulse length was also lost without Set1
(Figure S2A). Total MS2 RNA levels were not strongly affected
in either set1 mutant clone (Figure 3B).
Maintenance of transcriptional frequency through mitosis
was not perturbed by mutation of Dictyostelium Set2
(DDB_G0268132) or the DNA methyltransferase DnmA (Fig-
ure 3A) [31, 32] (n = 120 and 118 daughters, respectively).
This does not exclude roles for H3K36 or DNA methylation in
stabilization of active transcriptional states, because DNA
methylation is only detectable at very low levels in Dictyoste-
lium [31, 32], and although K36Me3 is lost in set2 mutants
(Figure S1), we could not detect H3K36Me at act5. H3K9
methylation is restricted to centromeric sequences in
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Figure 4. Inheritance of Active Transcriptional
States Requires H3K4 Methylation
(A) Identification of Set1 complex members in
Dictyostelium. Immunoprecipitation (IP) of GFP-
Set1 from protein extracts of wild-type and set1:
GFP-Set1 cells is shown. Precipitated samples
were separated by SDS-PAGE followed by
Coomassie staining. Set1 complex members
were identified by nano-HPLC electrospray ioni-
zation multistage tandem mass spectrometry.
(B) Point mutation of genomic histone H3a.
(C) Histone H3K4 methylation levels in chromatin
mutants. Western blots were probed with anti-
bodies against H3K4Me2 and H3K4Me3.
(D) Loss of transcriptional inheritance in ash2 and
K4A mutants. Observed differences in frequency
between daughters were compared with differ-
ences between randomized unrelated daughter
pairs. Error bars for observed values represent
SEM; error bars for random values represent
bootstrap SD.
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401Dictyostelium [33], and the H3K9 methylase is essential. We
have no evidence for proteins in Dictyostelium that methylate
or interact with methylated H3K27.
To dissect the requirement for Set1 in transcriptional
memory, we sought Set1-associated factors for genetic dele-
tion. We expressed a GFP-Set1 fusion protein in set1 mutants,
which rescues loss of H3K4 methylation [34]. The GFP
tag was used to purify Set1-associated factors (Figure 4A).
Identification of Set1-associated proteins revealed an Ash2
homolog (DDB_G0271754), a WD40 repeat-containing protein
(DDB_G0278945), and a WDR5 homolog (DDB_G0287273),
all components of Set1 complexes in other organisms [22].
We also identified a novel RRM domain-containing protein
(DDB_G0271014). Attempts to mutate these Set1-associated
factors only recovered mutations in ash2 (Figure S1). ash2
mutants lacked H3K4Me2 and H3K4Me3 (Figure 4C). As with
Set1, ash2 mutant cells had no inheritance of act5 transcrip-
tional frequency (n = 82 daughters; Figure 4D).
Set1 proteins are H3K4 methylases, but memory effects
could conceivably be mediated via methylation of other
targets. To directly address this, we mutated K4 of genomic
histone H3.Dictyostelium has three noncentromeric H3 genes,
all with substitutions indicative of H3.3 variants. Expression of
one of these, H3c, has not been detected [35]. The other two,
H3a and H3b, are transcribed. We targeted an alanine into the
K4 position of H3a (Figure 4B; see also Figure S1). This K4A
substitution removed H3K4Me2 and H3K4Me3, as assessed
by western blots of whole-cell extracts (Figure 4C). At high
antibody concentrations, a weak band of the size of H3 could
be observed with antibodies against H3K4Me2, presumably
reflecting weak dimethylation of H3b. K4A mutant cells lost
inheritance of act5 transcriptional frequency (n = 82 daughters;Figure 4D), indicating that the role of
Set1 in maintenance of transcriptional
frequency may be mediated directly by
H3K4 methylation.
Dependence of transcriptional memory
on H3K4 methylation was not restricted
toact5. The scdgene encodes a fatty acid
hydrolase (DDB_G0273105). Although
the gene is essential, a second copy is
present on a duplicated chromosomalregion in the parental strain AX3, allowing insertion of MS2
repeats while retaining a functional copy (Figure S1). We visual-
ized transcriptional pulses of scd over complete cycles
(72 daughters; Figure 5A). As with the act5 gene, scd transcrip-
tional frequency was slightly increased during the early portion
of the cell cycle. The scd gene also displayed inheritance
of transcriptional frequency (Figure 5B). The difference in
transcriptional frequency between sisters was half of the differ-
ence between randomized sisters. A contribution to the in-
herited effect could be explained by sister cells having more
similar pulse lengths (Figure S3); however, this contribution
was small, implying that inheritance of frequency of pulsing
also contributed to the overall inheritance. As with act5, inheri-
tance of scd transcriptional frequency was lost in set1 mutants
(n = 66 daughters; Figure 5B). Inheritance of scd pulse length
was also lost in set1 mutants (Figure S3).
It was important to address the role of cell-cycle changes in
the loss of transcriptional inheritance in the mutations
affecting H3K4 methylation. If mutations caused uniformity of
cell-cycle lengths, then the denominator (cycle length) in the
frequency calculation would be similar for sisters and random
cells, tending to equalize observed and randomized differ-
ences in frequency. However, we found no evidence of equal-
ization of cycle lengths (Figure S2D). Cell-cycle lengths were
highly variable in all cell lines, with sisters having consistently
more similar cycles than random pairs. We previously noted
that cells lacking Set1 have a weakly penetrant growth defect
[34]. This was again apparent in the present study, with some
of the mutant cell lines affecting H3K4 methylation showing
slight increases in mean cycle time (Figure S2E). However,
not all of the H3K4Me-deficient cell lines had longer cycles.
The wild-type and set1 scdMS2 cell lines had similar cell-cycle
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Figure 5. Inheritance of Active Transcriptional States of the scd Gene
Requires Set1 Methylase
(A) scd transcription in individual cells through complete cell cycles. Indi-
vidual cell records are shown along the horizontal axis; time after cell divi-
sion is shown on the vertical axis. Data were collected every 2.5 min.
Each transcriptional event is marked as a blue bot. White indicates absence
of detectable transcriptional events. Red dots mark the end of the cell cycle.
(B) Requirement for Set1 for inheritance of active transcriptional states of
the scd gene. Left two columns: daughter pairs have more similar scd tran-
scriptional frequencies than random daughter/daughter pairs. Right two
columns: this inheritance of transcription at the scd locus requires the
H3K4 methylase Set1. Transcription frequency of scd was measured over
complete cell cycles. Error bars for observed values represent SEM; error
bars for random values represent bootstrap SD. See also Figure S3.
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402times (unpaired t test, p = 0.5943, 136 df). Critically, because
not all of the H3K4 methylation mutants displayed increased
cycle times, yet all showed loss of transcriptional memory,
loss of memory is not simply a consequence of increased cycle
times. Indeed, the set2 mutants had longer cycles than wild-
type cells yet retained memory. In addition, when bootstrap
estimates of transcription frequency were obtained from
blocks of the shortest, middle, and longest set1mutant cycles,
all three blocks were similar to the observed difference
between sisters (Figure S2C), again demonstrating the inde-
pendence of memory and cycle time.
There was also no simple relationship between transcrip-
tional frequency and transcriptional memory, because muta-
tions affecting memory displayed average frequencies slightly
above, similar to, and below the wild-type transcriptional
frequency (Figure S2F). Nor was there a clear relationship
between timing of transcription in the cell cycle and memory.As described earlier, act5 is transcribed more frequently
early in cycles (Figure 1C), an effect lost in set1 mutants (for
both act5 and scd) yet retained in ash2 and K4A mutants
(Figure S2F).
Consistent with a role for H3K4 methylation in direct trans-
mission of active transcriptional states, chromatin immuno-
precipitation of the 50 end of the tagged act5 and scd loci
revealed strong H3K4Me2 and H3K4Me3, lost in mutant cells
with defective H3K4 methylation (Figure 6A). In addition,
mitotic chromosomes showed intense staining for H3K4Me2
and H3K4Me3 in Dictyostelium and human (HT-1080) cells
(Figure 6B), indicative of transmission of H3K4Me between
mother and daughter cells. The intensity of H3K4Me staining
on mitotic chromosomes was comparable to that of nearby
interphase nuclei.
Discussion
The transmission of active transcriptional states is thought to
be critical for the maintenance of differentiation programs.
The nature of inheritance has been unclear. In this study,
we have directly visualized the mitotic transmission of tran-
scriptional states down cell lineages. Transcription frequency
is inherited from mother to daughter cell, and the inherited
effect can be detected after a complete cell cycle, on average
about 8 hr later. The inherited effect requires methylation of
the K4 residue of histone H3, an abundant and conserved
modification usually associated with active transcriptional
units.
From many previous studies of histone modification, it is
unclear whether the signals directed by the modifications
have the ability to be propagated through a cell cycle. Here
we find that H3K4 methylation exerts an effect that is trans-
mitted through successive clonal generations. Methylated
H3K4 has features appropriate to a mark for memory of
active transcriptional states [20]. H3K4Me3 is laid down by
Set1 upon transcription initiation and can persist for several
hours after initial induction events [21]. H3K4Me3 recruits
components of the core transcription factor TFIID [23], allow-
ing the possibility of sustained activation. H3K4Me can also
recruit other chromatin-remodeling and histone-modifying
activities [24–27], which would be expected to contribute to
maintenance of chromatin state.
Consistent with a role for H3K4Me in transcriptional
memory, removal of H3K4Me may be necessary for reprog-
ramming [36, 37]. Expression of H3.3 variants with mutated
K4 can block retention of gene expression in nuclei trans-
planted into enucleated Xenopus eggs [37], and the Spr-5
H3K4Me2 demethylase is required for the resetting of somatic
to germline gene expression in Caenorhabditis [36].
Drosophila Trithorax itself is also a H3K4 methylase and is
required for maintenance of spatial patterns of homeotic
gene expression in the Drosophila embryo [3]. Although it
often assumed that TrxG acts via H3K4Me3, this has not
been directly demonstrated, and TrxG may function by antag-
onizing PcG rather than simply functioning as an activator [38]
perhaps involving acetylation of H3K27 [39]. It is possible that
the transcriptional memory extrapolated from these reprog-
ramming and developmental studies may be distinct from
the memory we have described here, in terms of time and
regulation. For example, in Drosophila homeotic gene regula-
tion, some inherited effects can persist throughout the entire
development of a fly and can be meiotically stable, passing
into the next generation [3]. However, it is clear from the
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Figure 6. H3K4 Methylation of Genes with Transcriptional
Memory
(A) H3K4 methylation at the act5 and scd loci. Amount of DNA
immunoprecipitated by antibodies against H3K4Me2 and
H3K4Me3 was determined by real-time PCR with primers
amplifying the promoter and 50 region of genes. Methylation
was lost in H3K4Me-deficient mutants. Error bars represent
SD of replicates within a representative chromatin immuno-
precipitation experiment.
(B) Mitotic transmission of H3K4Me. Immunofluorescence
with antibodies against H3K4Me2 and H3K4Me3 revealed
H3K4 methylation of mitotic chromosomes in both Dictyos-
telium (left) and human HT-1080 (right) cells. Scale bars
represent 10 mm.
H3K4 Methylation and Transcriptional Memory
403relatively nondeterministic fate maps of early vertebrate
development [40] that early developmental gene expression
is not so rigorously constrained.
The transcriptional memory directly observed in the present
study is more short-lived, decaying considerably after a cell
cycle has elapsed. A memory such as this was inferred [41]
from the initial study revealing the persistence of H3K4Me3
at 50 ends of genes following transcription onset [21]. In
contexts where a degree of flexibility of gene expression is
required, a short-term memory is likely to be necessary [8].
This naturally applies to all single-cell organisms but also
applies to crucial multicellular contexts such as pluripotency,
where fluctuations in gene expression are integral to a cell state
[9, 42–44]; developmental processes such as lateral inhibition
[45]; and other situations where intrinsic cell biases are neces-
sary for differentiation [46, 47]. This type of memory may not be
suitable for regulation of genes with strong pleiotropic effects
on patterned differentiation, such as homeotic genes. Home-
otic genes require appropriately strong positive and negative
regulation, which may explain why several other chromatin-
modifying activities, together with Polycomb, are combined
with H3K4 methylase function in these contexts [48].
We found no consistent changes in overall transcriptional
frequency over five different clones with defective H3K4 meth-
ylation. Single cells lacking H3K4Me could be either strong or
weak expressors, with methylation required for maintenance
of expression frequency in a cell lineage rather than absolute
gene firing activity. K4 methylation was observed to affect
the inheritance of both high and low states of transcriptional
activity. This contrasts with current models in which histone
modifications are proposed to potentiate either active or
inactive states, but not both together. H3K4Me maintaining
the probability of expression without setting the probability
may relate to our present analysis of genome sequence
data implying that Dictyostelium lacks PcG [49]. This may
reflect ancestral H3K4Me function without masking by strong
repressive chromatin states. That H3K4 methylation is re-
quired for potentiation of an existing state, rather than simplyfor a repressed or activated state, provides an
explanation for why, despite the widespread
nuclear distribution of H3K4Me, several genome-
wide expression studies have found few genes to
be strongly perturbed in set1 mutants in different
organisms [20, 34, 50, 51]. Our data imply that
H3K4Me can be considered an epigenetic mark
in the original sense of the word ‘‘epigenetic’’
[52] and highlight the importance of single-cellapproaches for unraveling the complexities of the differenti-
ated state.
Experimental Procedures
Generation of MS2 Cell Lines and Chromatin Mutants
MS2 repeats were targeted into the 50 coding sequences of Dictyostelium
genes. To construct MS2 repeat knockin vectors for act5 (actin) and scd
(delta 9 fatty acid desaturase), we amplified promoter sequences for act5
(2680 to +21) and scd (2657 to +25) by polymerase chain reaction (PCR),
cloned them, and confirmed promoter integrity by nucleotide sequencing
relative to sequence data on dictyBase. A BamHI fragment containing 24
MS2 repeats upstream of a blasticidin selection cassette [12] was inserted
between these fragments and gene regions of act5 (+108 to +1313) and scd
(+212 to +1318). Targeting vectors for act5 and scd were transformed into
Dictyostelium AX2 G and AX3 cells, respectively. The scd locus is on the
chromosome 2 duplication of AX3, allowing insertion of MS2 repeats into
this essential gene. Selection of knockin lines was performed with 10 mg/
ml blasticidin. Correct insertions were identified by Southern blotting and
then transformed with the MS2-GFP expression vector [12]. Stable clones
expressing MS2-GFP were selected in 10 mg/ml G418 and maintained in
20 mg/ml G418.
For knockout of set1 in act5MS2 cells, a hygromycin-resistance cassette
was used. To construct the hygromycin-resistance set1 disruption vector,
we replaced the blasticidin-resistance fragment of the set1 disruption
construct [34] with a BamHI-digested hygromycin cassette. The dnmA
gene disruption construct contains bp 7–779 and 753–1499 of the gene,
with hygromycin intervening. The histone H3K36 methyltransferase set2
(DDB_G0268132) disruption construct contains bp 1302–2511 with a
hygromycin cassette in the XbaI site. These constructs were transformed
into MS2 cell lines expressing MS2-GFP and selected with 30 mg/ml
hygromycin, followed by increasing concentrations to remove stragglers.
The histone H3a K4A substitution construct spanned the H3a locus from
2590 bp to 1471 bp. The AAA-to-GCA substitution was introduced during
PCR cloning of the genomic fragment with a reverse primer bearing the
alteration. The modified fragment was spliced into the rest of the gene
region via a silent HincII site introduced by changing AAA to AAG at the
position corresponding to the K9 residue. The blasticidin-resistance
cassette was introduced into a BamHI-linkered PacI site, just after the
AATAAA signal. To generate the ash2 (DDB_G0271754) targeting construct,
we amplified a 1.5 kb fragment (+2334 to +3799) by PCR. BamHI linkers were
inserted into the MfeI site, and a BamHI fragment containing the blasticidin-
resistance cassette was inserted into the linkered site. act5MS2 cells were
cotransformed with K4A and Ash2 targeting constructs and MS2-GFP
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404expression vector and selected with 10 mg/ml G418. To check K4A substitu-
tion of the H3a locus, we sequenced PCR products derived from the
genomic region after Southern blotting to identify targeted recombinants.
Southern and western blotting to confirm recombinants is shown in
Figure S1.
Imaging
Cells were imaged on an inverted Axiovert 200 microscope with a 1.4 NA 633
objective (Zeiss). Illumination was provided by a DG4 lamp (Sutter) through
a GFP filter (#41020, Chroma) and a UV filter (#GG420, Schott). To attenuate
illumination, we used a 1.0 OD and 0.6 OD neutral density filter (Chroma) for
act5 and scdMS2 cell lines, respectively. Cells were imaged with an ImagEM
EMCCD camera (C9100-13, Hamamatsu). The system was managed by
Volocity Acquisition software (version 4.4, Improvision). 3D stacks (28 slices)
were captured every 2.5 min with 330 nm z steps and 50 ms exposures. We
used a controllable xy stage with a piezo attachment for rapid 3D capture at
multiple xy positions. Imaging protocols were previously optimized for
long-term high-resolution 3D imaging of photosensitive samples [14]. Prior
to imaging, cells were incubated with 20% HL5/70% low-fluorescence
medium/10% fetal bovine serum containing 10 mg/ml G418 for 1 hr. Cells
were then plated on Lab-Tek chambered coverglass (Nunc) at a density of
1 3 105 cells/cm2 and left for 1 hr to settle. Cells were imaged for 20–24 hr
without prior fluorescence exposure, with bright-field illumination used to
focus cells. Images in Figure 1B and the supplemental movies are displayed
as 2D maximum-intensity projections of original 3D stacks. Frequency of
transcription was defined as on-time per hour (min/hr), measured by scoring
transcription as on or off at each time point in cells undergoing complete
cycles. After pilot studies to determine the optimal frame capture interval,
pulse length measurements were calculated under the assumption that
pulses were continuous between frames, as done previously [12].
Statistics
Two measures of interest were frequency and duration of cell events.
Absolute differences in these quantities between two cells, for example
between two daughter cells or between a mother cell and a daughter cell
or between two randomly paired cells, were used to investigate potential
persistence of generational effects and the presence of specific genetic
effects. Thus, if daughter cells showed no similarity with each other in
a measure, so that there was not a generational effect in that measure,
absolute differences between daughter cells would have the same statis-
tical characteristics as absolute differences between randomly paired
cells. In particular, the average absolute differences for pairs of daughter
cells and for randomly paired cells would be the same apart from any
random sampling variation.
The hypothesis that there are no generational effects was tested via the
bootstrap method of resampling, as discussed in [53]. The method as
applied to a set of n daughter cells for either measure runs as follows: The
average absolute difference between the paired daughter cells (a) is deter-
mined. A large number of bootstrap samples (in this case, 100,000) each of
size n is then created from random pairings of daughter cells, via replace-
ment selection, to build up a bootstrap distribution of average absolute
differences under the hypothesis. The value from the observed data set,
i.e., a, is then compared with this bootstrap distribution, and the bootstrap
p value to test the hypothesis is the proportion of the bootstrap distribution
that is no greater than a. A similar approach was used to test hypotheses of
no genetic effects. All of these computations were performed with the R
statistical computing system [54]. Error bars in figures for average absolute
differences are based on standard errors for the estimates given by s/On,
where s is the standard deviation (SD) of absolute differences in the given
data set. Error bars for randomized differences reflect the SD of bootstrap
distributions. For graphical representation of differences in inheritance
between wild-type and mutants, the differences in frequency (observed
and random) were normalized to the mean firing frequency for the respec-
tive cell line. Presence or absence of memory was not disturbed by this
normalization, because both observed and randomized frequencies for
each cell line were normalized with the same denominator.
Immunoprecipitation of the Set1 Complex
3–43 109 wild-type and set1:GFP-Set1 cells [34] were lysed for 10 min on ice
in lysis buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.5% NP40, 2 mM
EDTA, 1 mM PMSF and protease inhibitor [Sigma P-8215]). After centrifuga-
tion for 10 min at 13,000 rpm at 4C, supernatants were mixed with 200 ml of
GFP-nanotrap beads [55] and rotated for 1 hr at 4C. Beads were pelleted,
washed twice in lysis buffer, and taken up in 23 Laemmli buffer. Denaturedproteins were separated on NuPAGE 4%–12% gradient gels (Invitrogen)
stained with SafeStain (Invitrogen). Protein identification analysis was
performed at the University of Dundee ‘‘FingerPrints’’ Proteomics Facility
with a nano-HPLC electrospray ionization multistage tandem mass spec-
trometry (nLC-ESI-MS/MS) system setup consisting of an Applied Biosys-
tems 4000 QTrap LC-MS/MS system and a Dionex 3000 nLC system.
Excised protein spots from SDS-PAGE were in-gel digested by trypsin
(Roche, modified sequencing grade). Resulting peptides were extracted,
dried, and resuspended in 1% formic acid prior to separation on an Acclaim
PepMap 75 mM C18 nano-LC column with the nLC system. The resulting MS/
MS spectral data obtained were exported and submitted to a local MASCOT
search engine for protein database searching against NCBInr and the
curated Dictyostelium databases for identification. Methionine oxidation
and cysteine carbamidomethylation modifications were allowed for with
a peptide mass tolerance of 0.5 Da and one missed cleavage.Analysis of DNA, RNA, and Protein
Genomic DNA was prepared from the parental strain and its transformants
cultured in HL5. Total RNA was isolated by SDS-mediated cell lysis and
then phenol treated to remove protein. Southern and northern blot hybrid-
izations were performed with standard protocols. For western blotting, we
used commercial antisera against dimethylated H3K4 (07-030, Upstate) at
1:15,000 dilution, trimethylated histone H3K4 (ab8580, Abcam) at 1:3,000
dilution, and trimethylated histone H3K36 (ab9050, Abcam) at 1:500 dilu-
tion. Immunofluorescence experiments on human (HT-1080) and Dictyos-
telium mitotic chromosomes were carried out with these antibodies
against H3K4Me and Cy3-conjugated anti-rabbit secondary antibodies
[14, 56].
Chromatin immunoprecipitation (ChIP) was carried out by modification of
the procedure in [34]. 8 3 107 cycling cells were fixed with 1.2% formalde-
hyde in KK2 buffer (20 mM potassium phosphate [pH 6.2]) for 15 min. Fixa-
tion was quenched with 360 mM glycine for 5 min. Cells were pelleted,
washed twice in 10 ml RLB (0.32 M sucrose, 10 mM Tris-Cl [pH 7.5], 0.7%
SDS). Cells were resuspended in 100 ml RLB containing 5 ml protease
inhibitor (P8215, Sigma), and 500 ml GPA (10 mM Tris-Cl [pH 7.5], 10 mM
EDTA) was added, followed by 500 ml GPB (10 mM Tris-Cl [pH 7.5], 0.7%
SDS). Cells were sonicated six times with 6 W output on a Branson sonica-
tor. After preadsorption with protein G Sepharose 4 Fast Flow (Amersham)
beads, 50 ml of aliquot was retained (input). Six hundred microliters of IP
buffer (0.5% triton in TBS, 1 mM EDTA) was added to 400 ml of supernatant.
Immunoprecipitation was carried out with the same antibodies described
above with protein G Sepharose at 4C overnight. Chromatin-bound beads
were recovered by centrifugation, washed three times with IP buffer, then
washed three times with W buffer (10 mM Tris-Cl [pH 8.0], 500 mM LiCl,
1% deoxycholate, 1% NP40, 1 mM EDTA). DNA was recovered by incu-
bating with E buffer (50 mM Tris-Cl [pH 7.5], 1% SDS, 1 mM EDTA) at
37C for 15 min. After reversing the crosslinking by heating at 65C overnight
with 200 mg/ml Proteinase K, DNA was purified with PCR purification
columns (QIAGEN). Digestion was duplicated with the input. Quantification
of DNA sequence associated with antibodies was carried out by real-time
PCR with a SYBR green reagent mix on a realplex2 thermal cycler (Eppen-
dorf). Results were normalized to input. Primers for ChIP were from
promoter regions adjacent to transcription start. For act5 (2393 to2254; +1
is ATG), we used TTTTGGGTATTTTTGGGTGTTC and TTTTCAAATAAAATA
AAGCAACCAAC. For scd (2234 to +29), we used TTTTTAATTCATACCTAT
CTTTCCACA and ATCCAAGGAGCTCCACTTCC.Supplemental Information
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